Several experimental models have been used to produce intravascular fat embolism. We have developed a simple technique to induce fat embolism using corn oil emulsified with distilled water to form fatty micelles. Fat embolism was produced by intravenous administration of these fatty micelles in anaesthetised rats, causing alveolar oedema, haemorrhage and increased lung weight.
The intravasation of fat after trauma may result in embolisation to the lung, brain and other organs. [1] [2] [3] [4] [5] According to Talbot and Schemitsch, 6 the first case of post-traumatic fat embolism was described by Zenker in 1862 in a patient with a crush injury. At post mortem, fat droplets were found in the pulmonary capillaries. Fat embolism syndrome due to circulatory fat emboli has been recognised subsequently as a clinical problem.
2-4,7-9 Peltier 10, 11 proposed that the neutral fat was embolised after a fracture, and caused capillary obstruction. He proposed that it was then hydrolysed by lipases in the lung to release free fatty acids which were locally toxic.
Several chemical mediators, such as phospholipase A 2 , platelet-activating factor, nitric oxide, and cyclo-oxygenase products, have been implicated in the pathogenesis of fat embolism syndrome. 1, 7, 8, 12, 13 However, the ultimate mechanisms involved are yet to be determined. In order to elucidate the pathogenetic causes and to develop an effective therapeutic regimen, several experimental models have been used to simulate or to produce fat embolism. These include glucocorticoid administration to induce osteonecrosis, 14 polymethylmethacrylate injection with vertebroplasty, 15 intramedullary nailing, 16, 17 and intravenous triolein and/or oleic acid. 12, [18] [19] [20] Most of these procedures are rather complicated and expensive. In this study, we developed a simple technique to produce fat embolisation in anaesthetised rats.
Materials and Methods
We used 24 disease-free male Sprague-Dawley rats weighing 300 g to 340 g. The animals were obtained from the National Animal Centre and housed in the University Laboratory Animal Centre with good environmental control. The study had ethical approval and followed the guidelines of the National Animal Research Centre. The room temperature was maintained at 21°C (SD 1) with a regime of 12 hours alternating light and darkness. The rats were given unrestricted access to food and water.
The rats were anaesthetised with intravenous sodium pentobarbital (40 mg/kg) after which a femoral vein was cannulated. Pure corn oil was emulsified with distilled water, producing fatty micelles which were administered via the cannula.
One assessment of the extent of acute lung injury was inferred from changes in lung weight. This was obtained from 30 rats killed with intravenous sodium pentobarbital (100 mg/kg). The initial lung weight was estimated applying a published equation relating lung weight to the body weight. 21 The lung weight was then plotted against body weight using a regression equation:
Lung weight (g) = 0.0015 ? body weight (g) + 0.034
The gain in lungweight was calculated by subtracting the initial from the final lung weight. In order to determine the optimal
THE JOURNAL OF BONE AND JOINT SURGERY concentration of corn oil and the dose-response relationship, oil of volumes 0.1 ml, 0.2 ml, 0.4 ml and 0.6 ml was emulsified with 0.2 ml distilled water to form fatty micelles. These were injected intravenously at a rate of 0.1 ml/min with four groups of six rats receiving each of the available concentrations. Following the injections, certain animals died within 60 minutes and the survivors were killed with an overdose of sodium pentobarbital (100 mg/kg).
All the rats underwent post mortem examination, where the lung, kidneys and brain were removed for histopathological examination. Tissue sections were immersed in 10% formaldehyde for 24 hours and then rinsed with tap water to remove the formaldehyde. For light-microscopic examination, tissue sections were dehydrated and embedded in paraffin at 60°C. A series of 5 µm sections were stained with haematoxylin and eosin. Fat staining with various methods was used to detect the presence of fatty droplets. 22 Arterial blood samples (1 ml) were taken prior to the injection of the micelles and at 50 minutes to 60 minutes afterwards to determine pH, PaO 2 and PaCO 2 with a pH and blood gases analyser (ABL 5, Blood Gas Analyzer, Radiometer, American, West Lake, Ohio). Plasma concentration of phospholipase A 2 was measured with a spectrofluorimeter by a method described by Kitsiouli, Nakos and Lekka. 23 In brief, the standard incubation for phospholipase A 2 contained 10 mM Tris HCI buffer (pH 7.4) with 2 mM calcium and 5 mM C 12 -NBD-PC as substrate. The absorbance of the reaction mixture was measured with excitation and emission wavelengths at 475 nm and 535 nm, respectively.
The mean plasma concentrations of nitrate/nitrite and methylguanidine were determined with high-performance chromatography. 21, 24, 25 Tumour necrosis factor-α (TNF-α), interleukin-1β (IL-1β) and interleukin-6 (IL-6) were measured with antibody enzyme-linked immunosorbent assays (ELISA) using a commercial antibody pair, recombinant standards, and a biotin-streptavidin-peroxidase detection system (Endogen, Rockford, Illinois). All agents, samples and working standards were prepared at room temperature according to the manufacturer's instructions.
The optical density was measured at 450/450 nm wavelengths by automated ELISA readers. Mass spectrometry was used to determine the chemical composition of corn oil micelles. Statistical analysis. The data were expressed as the mean and standard error of the mean (SEM). Comparisons of measured variables were made using one-way analysis of variance (ANOVA) with repeated measures, followed by a post hoc comparison with the Newman-Keul test. 26 Differences were considered to be statistically significant at p < 0.05.
Results
The intravenous administration of fatty micelles caused histopathological changes in rat lung, kidney and brain. Fatty droplets and fibrin thrombin were demonstrated in the lung and alveolar oedema and haemorrhage were also observed ( Fig. 1 ). Fat staining with oil-red, Sudan black and Sudan ΙΙΙ revealed fatty particles in the lung parenchyma (Fig. 2 ) and the pulmonary arteriolar lumen was filled with fatty globules (Fig. 3) . Similar changes were observed in the small arterial vessels in the kidney and brain. Histological examination also revealed fat droplets in the renal glomeruli and cerebral capillaries (Fig. 4) .
The values of the lung weight/body weight ratio (×100) and gain in lung weight following administration of corn oil 0.1, 0.2, 0.4 and 0.6 ml emulsified with 0.2 ml distilled water are summarised in Table I . These data indicate that the mixture containing 0.2 ml of corn oil produced a greater effect than that containing 0.1 ml (p < 0.05, Newman-Keul test), whereas more than 0.2 ml of corn oil (0.4 and 0.6 ml) did not significantly increase the lung weight/body weight ratio and gain in lung weight (p > 0.5, Newman-Keul test). It appeared that corn oil mixture containing 0.2 ml with the same volume of water was the optimal dose.
Chemical analysis with mass spectrometry revealed that the main ingredient of corn oil micelles was oleic acid and other unsaturated free fatty acids.
Analysis of the responses of the arterial blood pH, PaO 2 and PaCO 2 revealed significant reductions in the mean pH
Photomicrographs of fat embolus-induced histological changes in the lung. Alveolar oedema and haemorrhage were observed. a) and b) a variety of numbers and sizes of fatty droplets were seen (arrows); c) fibrin thrombi (arrows) were demonstrated (haematoxylin and eosin stain, original magnification × 200).
and mean PaO 2 with an increase in mean PaCO 2 following administration of fatty micelles (Table II) . Fat embolisation caused increases in the mean phospholipase A 2 level, nitrate/nitrite and methylguanidine (Table III) . In addition, the concentration of TNF-α, IL-1β and IL-6 were markedly elevated (Table IV) .
Discussion
Experimental studies and clinical investigations, including those from our laboratory, have indicated that the fat embolism syndrome occurs mainly in patients with fractures of the long bones. 1, 7, 8, 27 The diagnosis is difficult and the ultimate mechanisms involved remain undetermined. 2, 8, 28 It has been proposed that the fat embolism syndrome includes an early physical phase of microvascular pulmonary obstruction and a second late phase involving the release of free fatty acids and chemical mediators. 10, 11 In this study, we have demonstrated histopathological evidence of pulmonary arteriolar obliteration by fatty droplets and similar changes in other organs. The Gurd criteria, 29, 30 including pulmonary, neurological and cutaneous signs and symptoms, suggest multiple organ involvement. Theoretically, intravasation of fat emboli into the circulation should result in the emboli being trapped in many organs. Experimental studies and clinical reports on cerebral fat embolism due to fat emboli or fat embolism syndrome have been documented, and associated neurological disorders have been described. [31] [32] [33] Fat embolism to the kidney has rarely been reported. However, Brondén et al, 34 using tritium-labelled triolein in a pig model to induce lipid microembolism and 
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In this study, we used corn oil emulsified in water to form micelles which, when administered intravenously, produced histopathological changes in the lung, kidney and brain. Our simple method produced the physical phase of fat embolism with fatty droplets in organs. Furthermore, analysis of arterial pH, PaO 2 and PaCO 2 revealed acidosis, hypoxia and hypercapnia. Biochemical determination showed elevation of phospholipase A 2 , nitrate/nitrite, methylguanidine and proinflammatory cytokines, including TNF-α, IL-1β and IL-6. Phospholipase A 2 has been shown to increase in bronchoalveolar lavage and blood in patients with fat embolism syndrome, and has been suggested as a diagnostic parameter. 1, 8, 26 In two series of clinical investigations, we found that the concentration of plasma nitrate/nitrite was increased in patients with acute respiratory distress syndrome following fracture of the tibia and femur. 7, 8 The production of methylguanidine has been used as an indicator of hydroxyl radical formation. 35 In this study we have provided evidence that the chemical phase of the fat embolism syndrome involves phospholipase A 2 , nitric oxide, hydroxyl radicals and proinflammatory cytokines. Further investigations are required to compare the chemical mediators involved syndrome using our method compared to those obtained from other studies.
Mass spectrometrical analysis revealed that oleic acid was the main component in the corn oil micelles. This has commonly been used to induce acute lung injury in experimental animals. [36] [37] [38] In patients with acute respiratory distress syndrome, the level of oleic acid in the blood has been shown to be significantly elevated. 39 Although we had no control group, we believe the oleic acid in corn oil is probably the cause of severe acute lung injury in this animal model of fat embolism which resulted in histopathological and biochemical changes resembling clinical fat embolism syndrome. 8 We acknowledge the limitations of this animal model. Our technique was not compared with the other methods and other oils containing different fatty acids. The application of corn oil micelles to isolated lung preparations may have provided more information with respect to the effects of fat embolisation on pulmonary microvascular permeability and haemodynamics.
In summary, our simple animal model of fat embolism syndrome may be used to investigate the pathogenetic mechanism of fat embolism syndrome associated with pulmonary, cerebral and renal dysfunction.
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